A restriction fragment has been isolated and its nucleotide sequence determined. This fragment contains sites for RNA polymerase binding, initiation and termination of transcription of the Escherichia coli histidine operon. In vitro transcription of plasmids containing this region generates one single histidine-specific, attenuated, small RNA: the leader RNA. This RNA is more efficiently transcribed when the template DNA is supercoiled.
INTRODUCTION
The histidine operon, like several other biosynthetic operons in bacteria, is regulated at the level of transcription via the attenuation mechanism (1). The RNA molecules, initiated at the promoter site, have two alternatives: they can either elongate into the structural genes or terminate at the attenuator site. This mechanism is in turn regulated by translation of a leader peptide sequence present on the leader RNA, rich in histidine codons (2, 3) . The level of charged tRNA controls the rate of translation of the peptide, i.e. the flow of ribosomes on the leader RNA. Ribosomes, in turn, can affect the secondary structure of the leader RNA. If the attenuator stem and loop structure is formed, termination ensues and the operon is repressed. If ribosomes are stalled on the leader RNA at specific codons, because of a limitation of histidyl tRNA, an alternative structure may form, which prevents formation of the attenuator.
In this case the RNA polymerase can transcribe beyond the attenuator barrier into the structural genes and the operon is derepressed (1, 4, 5 ) .
We have studied the expression and organization of the his operon of £. coli K-12 and have previously reported the cloning of a Hindlll DNA fragment containing the proximal part of the operon (6) . The fragment of DNA contain-ing the first structural gene was identified by subcloning (2) . Nucleotide sequencing of the region upstream of the first structural gene identified the attenuator and suggested the existence of a leader region which is transcribed into a his leader RNA (2) . A restriction map of the entire region was reported (7) .
On the basis of this information we now report the identification and isolation of the E_. coli his operon regulatory region, its complete nucleotide sequence and its functional characterization.
MATERIALS AND METHODS
Chemicals and enzymes. Restriction enzymes, Apyl, Alul, Hhal, Hinfl, HapII and Hindlll were a gift from R. Di Lauro. Bglll was purified as described (8), TaqI and BamHI were from Miles Research Laboratories, PstI and EcoRI were from Bethesda Research Laboratories. RNA polymerase was purchased from Boehringer, Mannheim, or from Miles. T4 polynucleotide kinase and T4 DNA ligase were from Bethesda Research Laboratories. DNA polymerase (Klenow) 32 fragment) was from Boehringer. y-P ATP was from Amersham (2,000-3,000 Ci/mmole) or was prepared as described (9) with a specific activity of about 32 32
2,000 Ci/mmole. Inorganic P carrier-free, a-P ribonucleoside triphosphates (350-400 Ci/mmole) and a-P deoxyribonucleoside triphosphates (350-400 Ci/mmole) were from Amersham.
RNA polymerase binding to DNA. Purified Hinfl 730 bp fragment (see below) was digested with restriction endonuclease Apyl or double-digested with Apyl and Bglll. The reaction mixtures were phenol-extracted, phenol removed with 5-6 extractions with ether, the DNA precipitated with ethanol and resuspended in 10 mM Tris-HCl, pH 7.9, 1 mM EDTA . RNA polymerase binding to DNA fragments was performed according to the procedure of Jones and
Reznikoff (10) . DNA fragments retained on filters were eluted (10) and run on a 7% acrylamide slab gel, stained with ethidium bromide and photographed with a Polaroid camera under UV lights.
Isolation of DNA and purification of DNA fragments. Total E. coli DNA was prepared according to Thomas e_t a\_. (11) . Plasmid DNA was prepared by isopicnic ultracentrifugation in cesium chloride-ethidium bromide (12) .
The 950 bp Bglll D fragment (6), used to construct plasmid pPVl (see below), was purified on a 5-20% sucrose gradient of a Bglll digest of plasmid pCB3 (7). The 730 bp Hinfl fragment was isolated from a total Hinfl digest of plasmid pCB3 DNA run on a 6% acrylamide slab gel. The band was excised from the gel and the DNA eluted as described (13) .
Plasmid construction and transformation. Plasmids pBR322 and pBR313 (14) , pCB3 (7) and pCB5 (2) was transformed selecting for growth in minimal medium and resistance to ampicillin.
In vitro transcription. The reaction mixtures (50 yl) contained: 1 pmole of DNA, 20 mM Tris-HCl, pH 7.9, 100 mM KC1, 10 mM M g C U , 0.1 mM dithiothreitol, 1 mM EDTA and RNA polymerase (50-100 yg/ml). After 10 min at 37°C heparin was added at a final concentration of 100 yg/ml, followed, watts. Slabs were then autoradiographed on Kodak X-Omat R X-ray film.
DNA sequencing. DNA sequences were determined according to the technique of Maxam and Gilbert (13) . Thin gels were prepared according to Sanger and Coulson (17) . Procedures for the 5' and 3' labeling of the DNA are described (13) . Sequencing strategy is reported in the Results section.
RESULTS
From the data on the structure of the his operon of E. coli K-12 (2, 6, 7)
we were able to identify a 730 bp Hinfl fragment which should contain all the regulatory region of the his operon including the promoter site. This fragment has been recognized because it contains a single Bglll site (2, 6 ) . The DNA of plasmid pCB3 has been digested with Hinfl or double-digested with Hinfl and Bglll and run onto a 6% acrylamide slab gel ( merase and are retained on the filter (Fig. 2, lane H ) . These results suggest that there are two different binding sites for RNA polymerase, rather than just one. Of the two Apyl fragments that bind RNA polymerase, the 430 bp fragment covers the attenuator region of the his operon, previously sequenced (2), and should, therefore, contain the his promoter.
The data of Fig. 2 demonstrate that this binding site is located between the Apyl and the Bglll sites, i.e. upstream of the attenuator which is located between Bglll and Hinfl (2).
The presence of a second RNA polymerase binding site was unexpected and required further investigation. The purified 730 bp Hinfl fragment was transcribed in vitro. In agreement with the RNA polymerase binding experiment, two transcripts were observed. One represented the his leader RNA and the other, named "A" RNA, was a run-off RNA, 230 nucleotides long, transcribed in a direction opposite to that of the his leader RNA. The 5' termini of the two transcripts were sequenced. These data have been reported elsewhere (18) . Ja vitro transcription. In vitro synthesis of the his leader RNA was studied using entire supercoiled plasmids DNA as templates. Three different plasmids were used in order to verify that transcription was independent of: a) orientation of the his genes on the plasmid (pCB3 and pPV4); b) source of the inserted DNA (pCB3, pPV3 and pPV4); c) size of the insert (pPV3 and pPV4). All three plasmids (Table) contained the first two structural genes and the his regulatory region on a Hindlll 5,300 bp fragment. Plasmid pCB3 (7) is a pBR313 (14) derivative in which the inserted 5,300 bp fragment was cloned from a his transducing phage XhisG (19) . This band is missing when plasmid pPVl DNA was used as template. In this plasmid the regulatory region of the his operon, deleted of the attenuator (2), is contained in a 950 bp Bglll (Fig. 1 D) which has been recombined into the BamHl site of pBR322 (see Methods). As expected, the his leader RNA is not synthesized (Fig. 3, Panel I, We have investigated the effect of the supercoiled structure of the template on the efficiency of transcription of the his leader RNA (Fig. 3 Part of the sequence from nucleotide 478 to 675 was previously published (2) . The following corrections need to be made: nucleotide at position 556 is A and not, as previously reported, G; the sequence 623-627 is TTATT and not ATATAATTA; nucleotides 658, 662, 668, 671 and 672 were missing.
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DISCUSSION
Binding of purified RNA polymerase to purified DNA fragments, in vitro transcription of plasmid DNA and of purified fragments, and DNA sequencing data have allowed us to identify and define the promoter of the his operon of E_. coli K-12. We have also identified a second RNA polymerase binding site close to the his promoter. The his promoter is used as a transcription initiation site for the his leader RNA both iri vitro and vn vivo (18) . This RNA is 180 nucleotides long and is terminated at the attenuator site at position 626 (18, see Fig. 5 ) . In vitro transcription of plasmids DNA yields the his leader RNA regardless of the orientation of the his genes in the vector DNA or of the size or source of the inserted piece (Fig. 3, Panel I ) .
A 104 nucleotides long RNA is transcribed ^n vitro from a very strong promoter located close to the origin of replication of plasmid ColEl (21) .
Since the his plasmids are pBR322 and pBR313 derivatives, the 100 nucleotides long RNA (Fig. 3) may be homologous to that found for ColEl (20) . In fact, a DNA sequence essentially identical to the strong promoter of ColEl (21), to the 104 bases long ColEl transcript (20) , and to its transcription termination site (23) is present in pBR322 (24) at the homologous site close to the origin of replication.
Comparison of the relative rate of synthesis of the leader RNA and the 100 nucleotides long RNA indicates that the his promoter is a very strong promoter ^n vitro. This result is in keeping with the iri vivo observation that, in mutants deleted of the attenuator, the amount of the first biosynthetic enzyme reaches about 3-4% of total cell proteins (25) .
The efficiency of transcription of the his leader RNA is drastically decreased when the template is in its linear form (Fig. 3, Panel II) . The same is true for the 100 nucleotides RNA as was already observed for ColEl (20) . This effect seems to be preferential for certain promoters, like ColEl (20) , rrnB (26) and AP (27) . In this respect the his promoter seems to be among the most affected ones. This result indicates that the secondary structure of the DNA template may be of great relevance in determining promoter efficiency and perhaps promoter selection by RNA polymerase. The DNA between the "A" promoter and the his promoter has a very peculiar structure. A perfect 10 bp palyndrome (nucleotides 325-347) is found just in the middle of the G-C rich region (nucleotides 300-369) (Fig. 6 ) . 
